Graphical Abstract Highlights d Cortical organoids from control and MDS patient-derived iPSCs model lissencephaly d Neural stem cells in MDS organoids show increased apoptosis and horizontal divisions d Deep-layer neurons are more abundant in MDS organoids than in controls d Outer radial glia-like cells forming in MDS organoids show a mitotic delay
INTRODUCTION
The human cerebral cortex develops from a pseudostratified layer of neuroepithelial stem cells (NESCs) into a functionally complex, six-layered structure with a folded (gyrencephalic) surface. The molecular underpinnings of brain size and topology are encoded by the genome and distinguish us from species with a small and smooth (lissencephalic) brain surface, such as mice. Although brain folding in the human does not begin until the end of the second trimester (after gestation week [GW] 23) (Chi et al., 1977; Martin et al., 1988; Hansen et al., 1993; Armstrong et al., 1995) , many of the key cellular events that influence this process, including expansion of the progenitor population and neuronal migration, occur starting around GW4 (Lui et al., 2011; Sidman and Rakic, 1973; Stiles and Jernigan 2010) . Genetic and infectious diseases that disrupt these processes underlie a number of cortical malformations and cause mental retardation, mortality, and morbidity (Guerrini and Dobyns 2014; Hu et al., 2014) . Despite the prevalence and societal burden of cortical malformations, our understanding of how disease-linked mutations disrupt brain development is still limited.
Miller-Dieker syndrome (MDS) is a severe cortical malformation characterized by nearly absent cortical folding (lissencephaly) often associated with reduced brain size (microcephaly), craniofacial dysmorphisms, mental retardation, and intractable epilepsy (Dobyns et al., 1983 (Dobyns et al., , 1991 Nagamani et al., 2009) . MDS is caused by large heterozygous deletions of human band 17p13.3, harboring dozens of genes, including PAFAH1B1 (LIS1 protein) and YWHAE (14-3-3ε protein) (Dobyns et al., 1983; Reiner et al., 1993; Hattori et al., 1994; Chong et al., 1997; Cardoso et al., 2003) . Smaller deletions or mutations in PAFAH1B1 are the major cause of isolated lissencephaly sequence (ILS), which exhibits less severe degrees of lissencephaly (Ledbetter et al., 1992; Lo Nigro et al., 1997; Pilz et al., 1998; Barkovich et al., 1991; Cardoso et al., 2003) . Insight into lissencephaly pathogenesis is largely derived from mouse models and limited analyses of postmortem human brains. Reduction in LIS1 levels in Pafah1b1 mutant mice leads to defects in neuronal migration (Hirotsune et al., 1998; Smith et al., 2000) , consistent with the disrupted cortical layering and neuron dispersion seen in the postmortem MDS brain (Sheen et al., 2006b; Saito et al., 2011) . LIS1 is an atypical microtubule-associated protein that regulates microtubule dynamics and nuclear-centrosomal coupling during neuronal migration (Faulkner et al., 2000; Gambello et al., 2003; Shu et al., 2004; Tanaka et al., 2004; Youn et al., 2009) . Collectively, these studies led to the prevailing model that lissencephaly is due to defective neuronal migration (Kato and Dobyns, 2003) . However, the mouse brain is naturally lissencephalic, suggesting that certain aspects of cortical development may not be adequately assessed in mice.
Recent work has uncovered critical cellular and molecular differences between cortical development in humans and mice, further underscoring the need to develop human model systems.
In the developing human cortex, the outer subventricular zone (OSVZ) is greatly expanded (Smart et al., 2002; Lukaszewicz et al., 2005) . OSVZ progenitors, which include transit-amplifying intermediate progenitor (IP) cells and outer or basal radial glia (oRG/bRG) (Hansen et al., 2010; Fietz et al., 2010; Betizeau et al., 2013) , have been proposed to contribute to the majority of upper-layer neurogenesis (Smart et al., 2002; Lukaszewicz et al., 2005) . Although IP cells are conserved between humans and mice, oRG cells are largely absent from the developing cortices of lissencephalic rodents (Shitamukai et al., 2011; Wang et al., 2011) , which may explain why the phenotypes in Pafah1b1 +/À mice are substantially milder than in human patients with heterozygous PAFAH1B1 mutations. Multiple lines of evidence suggest that the high abundance and proliferative capacity of oRG cells are critical for the vast developmental and evolutionary increase in cortical size (Stahl et al., 2013; Reillo et al., 2011) .
To bridge the gap between mouse models and human disease, patient-derived induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007; Yu et al., 2007; Park et al., 2008) represent a promising approach to study disease pathogenesis in a relevant genetic and cellular context. Human iPSCs provide a renewable source of neuronal progenitors and neurons, can be genetically and pharmacologically manipulated, and can recapitulate key cellular processes of in vivo brain development (Eiraku et al., 2008; Gaspard et al., 2008) . Studies have shown that oRG-like cortical cells can be produced from human, but not mouse, iPSCs (Shi et al., 2012; Kadoshima et al., 2013; Lancaster et al., 2013; Qian et al., 2016) , highlighting the advantage of the species-specific cellular model systems. However, the extent to which in vitro-derived oRG cells recapitulate the functional properties and molecular identity of primary oRG cells has not been determined. Here we implement a 3D cerebral organoid culture method to analyze the effect of MDS lissencephaly mutations on distinct biological processes and cell types corresponding to the first trimester of cortical development. Using a multifaceted approach integrating histology, live cell imaging, and single-cell transcriptomics, we uncover cell type-specific defects in lissencephaly spanning the stages of neuroepithelial cell expansion, neuronal migration, and the mitotic properties of oRG progenitors, providing deeper insight into human cortical development and lissencephaly.
RESULTS

Increased Apoptosis of NESCs in MDS Cortical Organoids
To study MDS pathogenesis, we generated iPSCs from three MDS individuals ( Figures 1A-1C ) using non-integrating episomal reprogramming vectors (Okita et al., 2011; Bershteyn et al., 2014) . From each individual, we chose two independent iPSC clones with confirmed pluripotency, normal karyotype, and stable maintenance of the 17p13.3 deletion for subsequent studies , and data not shown). To assess the effect of MDS on NESCs, we implemented a published suspension culture method whereby equal numbers of dissociated iPSCs are quickly re-aggregated in serum-free cortical differentiation medium . Initially and on day 3, there were no significant differences in the size of wild-type (WT) and MDS aggregates (Figures S1A and S1C). However, by 2.5 weeks of suspension culture (day 18 ± 1), the MDS organoids were significantly smaller ( Figure 1D ; Figures S1B-S1D). We observed that 25% of MDS organoids (n = 3 individuals, 2 iPSC clones each) were very small (less than 0.5 mm in circumference; Figure 1D) and invariably disintegrated before they could be analyzed. Of note, organoids derived from both of the MDS4 clones exhibited particularly poor growth in suspension and were therefore omitted from most of the subsequent assays.
The larger organoids were fixed and sectioned after 5 weeks of differentiation for further characterization. At this time point, the organoids consisted of NESCs organized into multiple pseudostratified VZ-like progenitor regions expressing SOX2 (Figures 1E) . Cortical patterning was verified by co-expression of the dorsal telencephalon progenitor marker PAX6 (Georgala et al., 2011) in the VZ-like regions, which were surrounded by doublecortin (DCX)-positive neurons also expressing the deep-layer subcortical projection neuron marker CTIP2 (Molyneaux et al., 2005; Leone et al., 2008;  Figure S2 ). Consistent with reduced organoid size, we found markedly increased apoptosis in the MDS cortical VZ-like regions, whereas the marker of proliferation was not significantly altered ( Figures 1F-1H ). Interestingly, although acute removal of Pafah1b1 in the mouse telencephalon at embryonic day (E) 8-E8.5 leads to NESC apoptosis, genetic Pafah1b1 heterozygosity does not exhibit a strong phenotype in the mouse neuroepithelium (Hirotsune et al., 1998; Yingling et al., 2008) . Our results suggest that the human genetic model may be more sensitive in recapitulating lissencephaly severity and highlight an early defect in the founder population of neuroepithelial stem cells independent of neurogenesis or neuronal migration.
Increased Incidence of Horizontal Cleavage Angles in MDS Neuroepithelium at 5 Weeks NESCs undergo interkinetic nuclear migration (INM) coordinately with the cell cycle and expand through symmetrical divisions with vertically oriented cleavage planes (60 -90 relative to the ventricular surface) at the apical VZ surface (Gö tz and Huttner, 2005) . These cell-intrinsic properties, including apical-basal polarity, dynamic behavior, and precise regulation of mitotic spindle orientation, are recapitulated in vitro in cortical organoids (Movie S1; Kadoshima et al., 2013) . We consistently found that both WT and MDS SOX1 and SOX2 NESC nuclei were distributed throughout the apical-basal VZ axis in a pseudo-stratified fashion, with mitotic cells expressing phospho-Vimentin and phospho-Histone H3 (Figures 2A and 2B ), located at the apical surface. Other apical determinants, including a protein kinase C (aPKC), N-Cadherin, and Pericentrin, which marks the centrosomes, were generally localized at the apical surface in both genotypes (Figures 2A-2C ). Notably, we sometimes observed a less organized cellular structure and a discontinuous VZ surface in MDS organoids ( Figure 2B , right).
LIS1 and ASPM (a microcephaly causative gene) were shown to regulate mitotic spindle orientation in the developing mouse forebrain, with loss of function leading to increased horizontal divisions associated with premature neurogenesis (Fish et al., 2006; Yingling et al., 2008; Pawlisz et al., 2008; Pramparo et al., 2010; Xie et al., 2013) . To determine whether a similar defect is present in human lissencephaly, we analyzed mitotic cells in VZ-like regions of week 5 cortical organoids using timelapse imaging ( Figure 2C ) and immunostaining ( Figure 2D ). In WT organoids, the majority of cleavage planes in the VZ were (D) Analysis of organoid sizes at 2.5 weeks of differentiation, representing an average ± SEM from WT (n = 4 independent iPSC clones) and MDS (n = 6 iPSC clones) (also see the table in STAR Methods). (E) Representative images of organoid sections after 5 weeks of differentiation. Scale bar, 100 mm. (F) Representative images of VZ-like regions in 5-week organoids immunostained with the apoptotic marker cleaved CASPASE-3 (CASP3) and the proliferation marker Ki67. Scale bar, 100 mm. (G and H) Percent of SOX2 + cells in VZ-like regions expressing cleaved CASP3 (G) and Ki67 (H). Average values ± SEM for WT (n = 3) and MDS (n = 3) are plotted (also see the table in STAR Methods). Statistical analysis was done using a t test (p = 0.04). See also Figures S1 and S2 and Table S2. (F-H) Quantification of cleavage angle data. Collectively, 70-92 dividing cells were analyzed from WT (n = 2) and MDS (n = 2) individuals. The red line in (G) represents the mean cleavage angle. Average cleavage angles ± SD for each individual are shown (H). Statistical analysis was done using a t test (p = 0.0158). See also Movies S1 and S2 and Table S2. perpendicular to the apical surface, with an average angle of $65 (Figures 2E-2H ). In contrast, dividing cells in the VZ regions of MDS organoids displayed more frequent horizontal cleavage planes and a significantly reduced average cleavage angle of $46 (Figures 2E-2H ; Movie S2). Collectively, our analyses suggest that expansion of the founder NESCs is greatly diminished in MDS because of increased apoptosis and decreased vertical divisions.
Defective Neuronal Migration in MDS Organoids at 5 Weeks
Defective radial migration of cortical neurons is a well-established developmental phenotype in lissencephaly (Hirotsune et al., 1998; Gambello et al., 2003; Youn et al., 2009; Toyo-oka et al., 2003; Sheen et al., 2006b; Saito et al., 2011) . However, direct visualization and analysis of radial migration of human lissencephalic neurons have not been achieved. Thus, we sought to develop functional assays to analyze radial migration using the human organoid model system. Early-born subcortical projection neurons expressing CTIP2 and DCX were present by 5 weeks of differentiation (Figures S2 and 3A) . Within a day of attachment to a Matrigel-coated surface, numerous processes began extending from the organoids. These processes were marked by expression of the neuronal proteins DCX and TUJ1 as well as the radial glia proteins BLBP and NESTIN ( Figure S3 ), suggesting that they belong to bundles of neurites and radial glia fibers. The abundance and lengths of processes were comparable between WT and MDS organoids ( Figure 3C ; Figures S3A and S4D). Over the next 48 hr, DCX-positive neurons were observed migrating out of the organoids along these processes (Figures 3B and 3C; Figures S3 and S4D ; Movie S3), akin to radial migration. We measured the displacement of neurons on fibers from the edge of the organoid 3 days after attachment to Matrigel. Migration of WT neurons was very robust, with more than 55% of migrating cells reaching 100-800 mm from the edge of the organoids (Figures 3C-3E; Figure S2A ). In contrast, fewer MDS neurons migrated out of the organoids despite abundant processes, and the majority (65%) of migrating neurons were within 100 mm of the edge ( Figures 3C-3E ).
In addition to endpoint analyses, we tracked migrating neurons in real time using live imaging starting 1 day after organoid attachment for up to 48 hr. WT neurons migrated in a characteristic saltatory fashion ( Figure 3F ) with an average speed of 20 mm/hr ( Figure 3G ; Movie S3), comparable with what has been recorded during radial neuronal migration in ferret cortical explants (Gertz and Kriegstein, 2015) . In addition, WT neurons nearly always migrated away from the organoid along the processes. As a result, the calculated total length of the migratory track divided by the net displacement, or track straightness, was close to 1 for WT neurons ( Figure 3H ). In contrast, many of the MDS neurons initiated, but did not maintain, saltatory migration on processes, spending much of the time tumbling in place or not moving ( Figures 3F and 3G ; Movie S4), which significantly reduced the average migration speed (13 mm/hr, p = 0.0004) and track straightness ( Figures 3G-3I ). In addition, migrating MDS neurons had less elongated nuclei than WT neurons (Movie S4), consistent with reduced tension during nucleokinesis (Tanaka et al., 2004) .
LIS1 and 14-3-3ε proteins are part of a complex with cytoplasmic dynein that regulates neuronal migration . The corresponding genes, PAFAH1B1 and YWHAE, are several megabases apart on locus 17p13.3 ( Figure 1A ) and would be challenging to rescue in MDS. However, we previously reported a reprogramming-induced rescue of an MDS case in which the 5.7-Mbp deletion affecting locus 17p13.3 was in a ring chromosome . Upon reprogramming fibroblasts from this individual (MDS1), the ring was lost and replaced by a second copy of the wild-type chromosome 17 through compensatory uniparental isodisomy. As a consequence, the whole deletion was rescued in MDS1 iPSCs, and we showed that LIS1 and 14-3-3ε proteins were restored to WT levels . Remarkably, when we performed endpoint and live imaging-based migration assays with organoids from these iPSCs, we observed that MDS1 neurons were indistinguishable from the WT, completely rescuing neuronal displacement, migration speed, and track straightness ( Figures 3C-3H ; Movie S4).
Finally, to find out whether migration defects in MDS neurons are cell-autonomous, we developed a new assay using coculture of organoids with human cortical tissue explants. Specifically, week 5 organoids were infected with a non-replicating, adeno-associated virus expressing td-Tomato fluorescent protein under the control of the CAG promoter (AAV1-cag-Tomato), which preferentially labels neurons ( Figures S4A-S4D ). About 60% of cells labeled with this virus expressed the neuronal marker CTIP2, and about 25% of the labeled cells expressed the progenitor marker SOX1, in both WT and MDS organoids ( Figures S4B and S4C) . Separately, slices of human cortical tissue (GW18.5) were infected with a cytomegalovirus (CMV)-GFP adenovirus and then placed tightly against the organoids to allow (B and C) Immunostaining of cells migrating on processes with DCX (B) and TUJ1 (C) 3 days after intact organoids were attached to Matrigel. Some of the processes seen in phase are not marked by DCX (B), suggesting that these may be radial glia fibers (see also Figure S3 ). (D) Quantification of cell displacement along the processes on day 3. Shown on the y axis is distance from the edge of the organoid (micrometers), and shown on the x axis is the fraction of total migrating cells at the corresponding distance bin from WT (left side) and MDS or MDS rescue (right side) organoids. Migration assays were performed with WT (n = 3), MDS (n = 3), and MDS rescue (n = 1) individuals. Data from the third MDS individual are not represented in this quantification because there were very few (almost no) migrating cells (data not shown). Table S2. attachment of the differentially labeled tissues. The human cortical tissue thus provided a physiological substrate for migration of iPSC-derived neurons ( Figure S4E ). After 4 days of co-culture, Tomato-expressing cells from the organoids were found throughout the cortical tissue explants, and their position relative to the ventricular and pial surfaces was quantified. Fifty percent of the WT iPSC-derived neurons that migrated had reached the pial surface after 4 days ( Figure S4G ). In contrast, only about 10% of the MDS iPSC-derived neurons that migrated had reached the pial surface on the cortical tissue explants (Figure S4G ), suggesting that MDS migration defects are cell-autonomous. Collectively, we established two novel in vitro migration assays that are sensitive to defects associated with human lissencephaly and can be used in vitro to study multiple dynamic aspects of neuronal migration. Moreover, we demonstrated that this major developmental phenotype in MDS is functionally rescued through the duplication of the wild-type homolog of chromosome 17, confirming that the migration defects were due to the heterozygous deletion.
Normal Lamination with Increased Abundance of Deep-Layer Neurons in MDS Organoids at 10 Weeks Although the long-term consequence of increased horizontal divisions is expected to be a reduction in total neuronal output through depletion of the progenitor pool (Pawlisz et al., 2008) , the short-term consequence might be the opposite; i.e., overproduction of neurons. To examine this, we analyzed the distribution of progenitor cells and neurons in 10-week cortical organoids. At this time point, staining with the RG marker PAX6, the IP cell marker TBR2/EOMES (eomesodermin) (Hevner et al., 2006) , and the deep-layer cortical neuron marker CTIP2 revealed three distinct regions resembling the developing VZ, SVZ, and cortical plate (CP). The boundaries between these regions could be consistently demarcated in WT and MDS organoids based on cell density, cell orientation, and expression of the three transcription factors. Thus, the VZ was defined based on dense vertical columns of PAX6-positive RG cells ( Figure 4A ). The SVZ was defined based on less dense, horizontally oriented cells, many of which expressed TBR2 ( Figure 4A ). Immediately superficial to the TBR2 boundary was the rudimentary CP, with strong expression of CTIP2 ( Figure 4A ). These well-organized structures were found close to the surface in every cortical organoid (typically one to five per organoid), with neurons always found on the outside, superficial to the progenitors.
We analyzed the distribution of the PAX6-, TBR2-, and CTIP2expressing cell populations in at least 12 organoids from WT (n = 3) and MDS (n = 2) individuals generated in multiple independent differentiations. The distribution of PAX6, TBR2, and CTIP2
was not significantly different between the two genotypes, with the majority of PAX6 + cells ($60%) found in the VZ, the majority of TBR2 + cells ($55%) in the SVZ, and the majority of CTIP2 + cells ($70%) in the CP, as expected ( Figures 4B-4D) , indicating that the general laminar distribution of cell types is preserved. However, in MDS organoids, particularly in the more severe MDS3 case, there was a notable increase in the abundance of IP cells located in the apical portions of the VZ (arrows in Figure 4A ). In addition, analysis of relative cell proportions in the organized cortical regions revealed a slight but significant decrease in PAX6 + /TBR2 À RG cells with a complementary increase in CTIP2 + neurons in MDS (Figures 4A, 4E, and 4F ). These findings are consistent with the increase in horizontal divisions we observed at earlier time points in MDS organoids and indicate an overproduction of deep-layer neurons. Moreover, these data indicate that migration defects are not likely to be a secondary consequence of neuronal deficiency because no such deficiency was observed up to this point.
Histological and Molecular Evidence of oRG-like Cell Production in WT and MDS Organoids after 10 Weeks By 10 weeks, close to 30% of PAX6-positive cells within organized structures were located in the SVZ-like regions ( Figures  4A and 4B ) and expressed other canonical radial glia genes such as SOX2 and SOX1 ( Figure 5A and data not shown). We sought to determine whether some of these cells might be oRGs. In contrast to the ventricular or apical radial glia (vRG/ aRG), which extend bipolar processes and attach to the ventricular surface (Florio and Huttner, 2014) , oRG cells reside in the SVZ and are typically unipolar, extending a single basal process toward the pial surface (Hansen et al., 2010; Fietz et al., 2010) . After 10-15 weeks of culture, the outer edge of the organoids contained many radially oriented cells with unipolar processes pointing away from the center of the organoids (white arrows in Figures 5B; Figure S5A ). Many of these unipolar cells expressed the radial glia marker SOX2 ( Figure 5C ; Figure S5A ), consistent with oRG identity. Within the same regions, IP-like cells with characteristic multipolar morphologies and expression of TBR2/EOMES could be clearly distinguished from oRG-like cells (blue arrow in Figure S5A) .
A recent study used transcriptome-wide profiling of single cells to show that stem cell-derived cerebral organoids can recapitulate many of the molecular pathways that control normal human cortical neurogenesis (Camp et al., 2015) . We reasoned that a subset of radial glia derived in vitro may adopt the molecular profile of oRG cells. Therefore, we analyzed single-cell gene expression from WT and MDS organoids after 5, 10, and 15 weeks of differentiation. We identified a group of 95 cortical (1323), MDS2, and MDS3 cortical organoids. Scale bar, 100 mm. The inferred VZ-, SVZ-, and CP-like regions are delineated based on the combination of DAPI, PAX6, TBR2, and CTIP2 staining patterns. White arrows in the MDS TBR2 and PAX6/TBR2 panels point to IP cells located in the apical portions of the VZ. (B-F) Analysis of marker distribution across the VZ/SVZ/CP (B-D) and cell composition (E and F) within the organized regions in WT (12 total organoids from 3 individuals, 4 iPSC clones) and MDS (13 organoids from 2 individuals, 3 iPSC clones) organoids. The average value ± SEM is plotted after collapsing technical replicates from each clone (WT, n = 4; MDS, n = 3). Two-way ANOVA followed by Bonferroni's adjustment for multiple comparisons was performed to determined statistical significance. For cell distribution (B and C), the only significant source of variation was region. For cell composition, there was a significant difference between WT and MDS in the proportion of PAX6 + TBR2 À cells and CTIP2 + cells. See also Table S2 . (C) Immunostaining confirms radial glia fate of unipolar cells that express SOX2 and not the IP cell marker TBR2. (D) Heatmap showing relative gene expression levels across 95 single radial glia cells captured from cerebral organoid samples (n = 5 individuals from both WT and MDS). Genes represent canonical markers of radial glia (green bar) and forebrain identity (brown bar) as well as genes correlated with oRG identity (light and dark orange; the dark shade highlights genes validated in vivo) (Pollen et al., 2015) . The expression of oRG-correlated genes increases with age of the organoid (also see Figure S5 ). (E) Violin plots representing distribution of the average expression of oRG marker genes across single cells captured from cerebral organoids at each stage of differentiation.
(legend continued on next page) radial glia-like cells ( Figure 5D ) out of all the in vitro-derived cells ( Figure S6A ; see STAR Methods for clustering methods). Among these radial glia-like cells, we found that the oRG gene expression signature (Pollen et al., 2015) emerged at week 10 and became stronger at week 15 ( Figure 5E ; Figures  S6B and S6C) , consistent with observations from histology. We confirmed the expression of a few oRG markers in a subset of organoid radial glia that showed consistent subcellular localization to human tissue ( Figure 5F ). In addition, the expression of many of the predicted and validated oRG markers is well correlated across radial glia-like cells from organoids, indicating that these genes are also co-expressed in the in vitro system ( Figure 5G ). Together, these data establish the presence of oRG-like cells that share features of tissue-level distribution, morphology, and molecular identity with oRG cells found in the developing human cortex.
oRG Cell-Specific Cytokinesis Delay in Human Lissencephaly
The ability to recapitulate human oRG production and 3D organization in vitro enabled us to analyze the effect of lissencephaly mutations on this class of progenitors. Toward that end, we performed time-lapse imaging following infection of 10-week organoids with CMV-GFP adenovirus, which labels all dividing progenitors including vRG, IP, and oRG cells. The morphology, spatial organization, and mitotic behavior of GFP-labeled progenitors were consistent with properties observed in vivo. IP-like cells had a larger cell body with multiple short processes (blue arrows in Figure 6A and Figure S5A ), and they divided in place without much movement ( Figure S5B ). vRG cells were typically bipolar, with apical processes coalescing at a common VZlike surface, and their nuclei underwent apically oriented INM prior to division at the apical surface (arrowheads in Figures  6A, 1 and 2, and 6D) . In contrast, oRG cells had a single long basal process and a very short apical process, were located above the ventricular-like zone (stars in Figure 6A, 1, and Figure S5C) , and underwent a rapid mitotic somal translocation (MST) in the direction of the basal process prior to division (Figure 6G ; Movie S5).
To examine whether MDS mutations affect the behavior of vRG and oRG cells, we measured multiple dynamic properties. For both vRG and oRG cells, we measured the time from when the dividing cell was rounded up to when the two daughters first appeared and the angle of the cleavage plane relative to the basal fiber ( Figures 6B and 6C ). In addition, we measured MST distance for oRG cells ( Figure 6C ). We found that WT oRG and vRG cells divided within 50 min from the time that the cell rounded up (Figures 6D, 6F, 6G, and 6J; Movie S5) . Surprisingly, MDS oRG cells tended to translocate farther during MST (Figure 6K ) but then remained in mitosis for prolonged periods (up to several hours) prior to cytokinesis ( Figures 6H and 6J; Figure S5C; Movie S5) . The delay in cell division appeared to be specific to MDS oRG cells because a similar defect was not observed in vRG or IP cell divisions from the same imaging sessions ( Figures 6E and 6F ; Figure S5B ). Of note, this behavior mimicked a phenotype previously observed in primary oRG cells treated with a microtubule-depolymerizing agent, nocodazole (Ostrem et al., 2014) . We also compared the division cleavage angle relative to the basal process in dividing vRG and oRG cells between WT and MDS groups using live imaging. This analysis confirmed in vivo observations that vRG divisions become less tightly controlled with developmental maturation and that the majority of oRG divisions occur perpendicular to the basal process ( Figures 6L and 6M ; LaMonica et al., 2013) . There were no significant differences between the two genotypes in terms of division cleavage angles ( Figures 6K and 6L) . Collectively, our findings implicate MDS-deleted genes in the regulation of oRG cell division and point to a possible involvement of oRG cells in the pathogenesis of human lissencephaly.
DISCUSSION
By implementing a patient iPSC-derived 3D model of early corticogenesis, we were able to delineate cell type-and cell stagespecific defects in human lissencephaly caused by deletions of the distal tip of chromosome 17. Ultimately, these defects need to be linked with the corresponding genetic regulators for a deeper understanding of lissencephaly pathogenesis and human cortical development. Although Pafah1b1 (LIS1) and YWHAE (14-3-3ε) mutations have been modeled in the rodent (Hirotsune et al., 1998; Toyo-oka et al., 2003; Gambello et al., 2003; Youn et al., 2009 ), there has been a lack of laboratory models that recapitulate the complete genetic defects of MDS. Thus, the roles of most of the deleted genes in brain development or MDS pathogenesis have not been examined. Here we provide a platform and establish functional assays that will enable validation of additional gene candidates in distinct cell types and cellular processes and will lead to identification of novel regulators of cortical development and malformation.
Several of the conserved developmental phenotypes implicated in lissencephaly by mouse models, including dysregulation of the NESC mitotic spindle (Faulkner et al., 2000; Yingling et al., 2008; Pawlisz et al., 2008; Pramparo et al., 2010; Xie et al., 2013; Moon et al., 2014) and neuronal migration defects (Hirotsune et al., 1998; Gambello et al., 2003; Youn et al., 2009; Toyo-oka et al., 2003) are recapitulated here. Deficiencies in neural progenitor cell viability in human MDS were previously implicated by Sheen et al. (2006a) based on the analysis of postmortem samples but without distinguishing which progenitor subclasses were affected. Here, by following in vitro differentiation from patient-derived iPSCs, we were able to recapitulate developmental lineage progression from NESC to vRG to IP and oRG with spatial and temporal resolution that could not have been achieved with previous methods. Our analyses (F) Validation of oRG marker (PTPRZ1 and tenascin C [TNC]) co-expression with the radial glia marker SOX2 in 10-week organoids. Note the similarity in the staining pattern between human OSVZ (GW17.3) and iPSC-derived organoids. (G) Network maps representing Pearson's correlation between oRG marker genes across single cells in primary human brain tissue (Pollen et al., 2015) (left) and across cells captured from cerebral organoids (right). Correlations greater than 0.25 are highlighted with a pale green line, and correlations greater than 0.5 are highlighted with a dark green line. Genes that are most highly correlated across in vitro cells out of the oRG marker genes are highlighted in orange. See also Figures S5 and S6 , Tables S1 and S2, and dbGaP: phs000989.v3.p1. The oRG-like cell is marked with a white star. Note the long basal process and its superficial location relative to the bipolar vRG-like cells (example: white arrowhead). The indicated bipolar vRG-like cell from A1 moves apically and divides in A2 with a cleavage angle parallel to its basal process. In contrast, the indicated oRG-like cell undergoes an MST in the basal direction (data not shown) and divides in A3 with a cleavage angle perpendicular to its basal process. Scale bar, 50 mm. (legend continued on next page) suggest that founder NESCs and oRG cells are particularly vulnerable in MDS, whereas vRG and IP cells seem to be less affected.
Outer RG progenitors are thought to support the developmental and evolutionary expansion of the human neocortex because of their tremendous proliferative potential (Lukaszewicz et al., 2005; Hansen et al., 2010; Fietz et al., 2010; Pollen et al., 2015) . In addition, oRG cells have been proposed to promote cortical folding by producing large numbers of neurons and by providing divergent tracks for increased tangential dispersion of migrating neurons along their basal fibers (Lui et al., 2011; Fietz and Huttner, 2011; Hevner and Haydar, 2012; Florio and Huttner, 2014; Taverna et al., 2014; Borrell and Gö tz, 2014; Nowakowski et al., 2016a) . Our studies identified specific mitotic defects in oRG cells from a severe form of lissencephaly, providing another link between this cell type and human neocortical gyration.
Prolonged mitosis of mouse cortical radial glia in a Magoh +/À model of microcephaly was recently shown to induce preferential production of neurons rather than progenitors as well as increased incidence of apoptotic progeny (Pilaz et al., 2016) . Mitotic delay through pharmacological means also altered cell fate, producing more apoptotic progeny or leading to ectopic neuronal differentiation. Similarly to Pilaz et al. (2016) , we observed examples of apoptotic oRG-like cells (data not shown); however, the technical challenges of prolonged time-lapse imaging of organoid slices precluded us from direct visualization of progeny fate. Interestingly, Magoh functions upstream of Pafah1b1, with loss of function leading to decreased LIS1 protein levels during neurogenesis (Silver et al., 2010) . This connection suggests a possible mechanistic basis for the convergence of microcephaly and lissencephaly phenotypes in MDS.
The genetic factors that regulate oRG behavior have been difficult to study because of the scarcity of these cells in mice. Here we find that cerebral organoids generate oRG-like cells with matching properties defined in vivo, including position, morphology, mitotic behavior, and molecular identity. In addition, we show that the DNA sequence in the MDS deletion interval is necessary for normal MST behavior. MDS oRG cells exhibited increased MST distance, similar to the effect of nocodazole (Ostrem et al., 2014) , which interferes with microtubule cytoskeleton polymerization. Among the deleted genes, PAFAH1B1 is known to control microtubule dynamics during mitosis (Yingling et al., 2008; Moon et al., 2014) , pointing to a possible oRG-specific regulatory mechanism that may be LIS1-dependent. However, LIS1 haploinsufficiency alone cannot account for the severity of MDS because mutations or smaller deletions affecting only Pafah1b1 have less severe outcomes and are not associated with human microcephaly (Ledbetter et al., 1992; Lo Nigro et al., 1997; Pilz et al., 1998; Barkovich et al., 1991; Cardoso et al., 2003) . Therefore, additional genes in the MDS-deleted locus are likely involved in the regulation of oRG cell division. Future studies can examine the role of specific candidate genes in this interval using the organoid model system, which recapitulates key features of oRG biology.
Finally, the involvement of oRG cells in the pathophysiology of MDS suggests a link between this radial glial subtype and the development of lissencephaly. In addition to genetic causes, cortical abnormalities, including lissencephaly and microcephaly, may also result from infectious diseases, including cytomegalovirus (CMV) and West Nile virus (Lanari et al., 2012; Teissier et al., 2014; O'Leary et al., 2006) . Recently, Zika virus has been declared a public health emergency of international concern (Heymann et al., 2016) because of a strong correlation with increased incidence of microcephaly, which has been reported to involve lissencephaly (Oliveira Melo et al., 2016; Schuler-Faccini et al., 2016; Mlakar et al., 2016) . These infectious diseases may preferentially affect the same cell types and developmental process that are vulnerable in genetic forms of microcephaly and lissencephaly. The Zika virus can infect human cortical neural progenitors, leading to cell death and cell cycle dysregulation (Tang et al., 2016; Qian et al., 2016) and has been shown to infect human skin cells through the phosphatidylserine receptor AXL (Hamel et al., 2015) . We have found that radial glia cells show very high expression of the candidate Zika virus entry factor AXL (Nowakowski et al., 2016b) , and the current study highlights how stalled mitosis of oRG cells may relate to lissencephaly. Collectively, these observations support the hypothesis that oRG dysfunction may be a feature of cortical malformations associated with lissencephaly.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Outlier removal and enrichment for cortical lineage cells Chambers with multiple cells as visualized by phase and fluorescent microscopy were discarded from further analyses, leaving 1107 libraries. Gene expression values were normalized based on library size as counts per million reads (CPM). Libraries with fewer than 1,000 genes detected above 1 CPM were eliminated as outliers, leaving 643 libraries. These libraries were further filtered by performing the identifyOutliers routine with default setting from the Singular Analysis Toolset (Fluidigm) in R. Of these 469 single cell libraries passing bioinformatic quality control criteria, 358 libraries expressed the telencephalon marker FOXG1 above 1 CPM, and 274 also lacked inhibitory neuron lineage marker DLX6, suggesting cells belonging to the cortical lineage.
Identification of radial glia-like cells and analysis of heterogeneity Principal component analysis (PCA) was performed using the prcomp function in R and centering the data to identify the major sources of variation across cells, and k-means clustering (optimal k = 6 was determined using ConsensusClusterPlus R package) of PC 1-5 sample scores was performed followed by multiscale bootstrapping using pvClust package (1000 bootstraps) to determine the approximately unbiased p value for every cluster. This analysis, combined with a supervised analysis of cell identity based on the expression of canonical marker genes revealed revealed 90 dorsal telencephalic radial glia-like in vitro cells. We previously identified genes enriched in all radial glia cells (pan-RG), and genes enriched in oRG and vRG cells (Pollen et al., 2015) . We visualized the expression of these marker genes over time and across cells using GENE-E (Broad Institute) and R. To examine whether in vitroderived radial glia-like cells shared patterns of heterogeneity with primary cells, we evaluated the extent to which gene co-expression relationship among radial glia subtype marker genes are preserved in vitro. We computed the mean pairwise correlation coefficient between oRG marker genes across primary and in vitro cells. We then examined the probability that this observed level of co-expression between oRG markers would appear by chance in a background set of oRG, vRG, and pan-RG markers by calculating the mean pairwise correlation of genes randomly sampled from this combined set of radial glia markers across 100,000 permutations. For in vitro cells, we narrowed the list of radial glia marker genes to genes expressed in at least 10% of cells above log 2 CPM of 1.
QUANTIFICATION AND STATISTICAL ANALYSIS
Throughout the paper, independent iPSC clones are treated as biological replicates. For statistical analyses, a single average value is used for each clone after collapsing technical replicates arising from multiple observations in sister organoids and from repeat experiments. On information about which specific iPSC lines were used for each of the experiments, please refer to Table S2 . All of the statistical details of experiments can be found in the figure legends.
DATA AND SOFTWARE AVAILABILITY
Data Resources
Normalized gene expression values from single cell RNA sequencing profiling are expressed as log 2 counts per million (CPM) reads for all genes across cells analyzed with more than 1000 genes detected above 1 CPM. The accession number for the single cell sequencing data reported in this paper is dbGaP: phs000989.v3.p1.
